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Grover $\mathrm{S}\mathrm{U}(4)$ Cartan V $\mathrm{a}$ ,
NMR .
1
0 1 , $|0\rangle$ , $|$y
( ) $\mathbb{C}^{2}=\{\alpha|0\rangle+\beta|1\rangle|\alpha, \beta\in \mathbb{C}\}$ .
$0\rangle=(\begin{array}{l}10\end{array}):$ $|1\rangle=(\begin{array}{l}01\end{array})$
. $n$ , $|i_{0}\rangle$ $\otimes|i_{1}\rangle$ $\otimes\ldots\otimes|i_{n-1}\rangle$ $\equiv$
$|i_{0}\mathrm{i}_{1}\ldots i_{n-1}\rangle,$ $i_{k}\in$ {0,1} . $\mathcal{H}=\mathbb{C}^{2^{n}}$
. , $|\mathrm{i}\mathrm{n}\rangle$ $=|00\ldots 0$ $\rangle$
. .
$H$ . $|\mathrm{i}\mathrm{n}\rangle$ $U\in \mathrm{U}(2^{n})$
$|\mathrm{o}\mathrm{u}\mathrm{t}\rangle$ $=U|\mathrm{i}\mathrm{n}\rangle$ , ,
, , $[1, 2]$ .
Shor
[3]. , Shor




$\sigma_{x}=(\begin{array}{ll}0 1\mathrm{l} 0\end{array}):$ $\sigma_{y}=(\begin{array}{l}0-ii0\end{array}),$ $\sigma z=(\begin{array}{l}100-1\end{array})$
$\mathrm{r}$







1(Barenco et. $al.$ ) $U\in \mathrm{U}(2^{n})$ 1 $\in \mathrm{U}(2)$
CNOT [6]











. $\mathrm{S}\mathrm{U}(4)$ Cartan 2
, [7].
3 NMR
$z$ , $xy$ .
$|0\rangle$ $|1\rangle$ ,
$H$ $=$ $2\pi J(\sigma_{z}\otimes\sigma_{z}/4)-\omega_{11}[\cos\phi 1(\sigma_{x}\otimes I/2)+\sin\phi 1(\sigma_{y}\otimes I/2)]$
$-\omega$l2[$\cos\psi_{2}(I\otimes$ y$x/2)+$ sin $\phi_{2}(I\otimes\sigma_{y}/2)$] (1)
. , $\omega_{\mathrm{r}\mathrm{f}}$ $z$
. \mbox{\boldmath $\omega$}1\sim $k$ , $\phi_{k}$
$xy$ , NMR ,
. $\text{ }$ (1) 2,3 .
1 , .
$\epsilon \mathrm{u}(4)$ . , $H$
$U(T)= \mathcal{T}\exp[-i\int$0T $H$ (\gamma (t)) $dt]$ (2)
145
$\mathrm{U}(4)$ <SU(4) .









$=$ $\frac{1}{4}I_{4}+\frac{1}{8k_{B}T}(\begin{array}{llll}\hslash\omega_{1}+\hslash\omega_{2} 0 0 00 -\hslash v_{1}+\hslash\omega_{2} 0 00 0 M_{1}-\hslash\omega_{2} 00 0 0 -\hslash\omega_{1}-\hslash\omega_{2}\end{array})$
$\equiv$ liag $(a, b, c, d)$ (3)
. $a,$ $b,$ $c,$ $d$ , 1/4 . $a$
$|00\rangle$ - $V$ ,
$\rho 0arrow V\rho$0V . $V$ $U_{\mathrm{c}\mathrm{p}}=\mathrm{C}\mathrm{N}\mathrm{O}\mathrm{T}_{12}\mathrm{C}\mathrm{N}\mathrm{O}\mathrm{T}_{21}$ . CNOTij
$i$ , $j$ CNOT . $\mathrm{C}\mathrm{N}\mathrm{O}\mathrm{T}_{12}=$
$|0\rangle(0|\otimes I+|1\rangle\langle$ $1|\otimes\sigma_{x}$ , CNOT21=I\otimes I0 $\rangle\langle$0I+\sigma x\otimes I1X . ,
$\rho 1=U_{\mathrm{c}\mathrm{p}}$p0U$\mathrm{c}\mathrm{p}\dagger=$ diag(a, $d,$ $b,c$) (4)
. $U_{\mathrm{c}\mathrm{p}}^{2}=\mathrm{C}\mathrm{N}\mathrm{O}\mathrm{T}_{21}\mathrm{C}\mathrm{N}\mathrm{O}\mathrm{T}_{12}$
$\rho_{2}=U_{\mathrm{c}\mathrm{p}}^{2}\rho_{1}$ c2p\dagger $=\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(a, c, d, b)$ (5)
. 3 , $U$
,
$\rho$eff $\equiv$ $\frac{1}{3}(\rho_{0}+\rho_{1}+\rho_{2})=$ diag$(a, e,e, e)=eI_{4}+(a-e)$diag(1, 0, 0, 0) (6)




$t=0$ $U(\mathrm{O})=I$ , $U_{\mathrm{a}}$






$U_{\mathrm{a}}= \mathcal{T}\exp[-i\int$0T $H$ (\gamma (t)) $dt]$ (7)
$\gamma(t)$ $T$ ?
NMR , .
1 $|0\rangle$ $|1$ ) \sim 10 $\mu \mathrm{s}$ . ,
$J$ 100 Hz , $1/J\sim 10\mathrm{m}$s
. .
, $J$ .
Cartan $[9, 10]$ .
$G$ , $\mathfrak{g}$ . $\mathfrak{g}$ $\mathfrak{g}=\epsilon\oplus \mathfrak{p},$ $\mathfrak{p}=\mathrm{t}^{[perp]}$ ,
$[\mathrm{t}, \mathrm{t}]\subset \mathrm{t},$ $[$p, $\mathrm{t}]\subset \mathfrak{p},$ [p, $\mathfrak{p}$] $\subset t$ (8)
( $\mathfrak{g}$ Cartan ). $K=\exp \mathrm{f},$ $P$ =exp $\mathfrak{p}$ . $g\in G$
$g=kp,$ $k$ \in K, $p\in P$ . $p$ $\mathfrak{p}$ (Cartan )




$\mathrm{S}\mathrm{U}(4)$ . NMR $\epsilon \mathrm{u}(4)$ Cartan
$\mathrm{f}=\mathrm{S}\mathrm{p}\mathrm{a}\mathrm{n}(\sigma k\otimes I_{2}, I_{2}\otimes\sigma k)$, $\mathfrak{p}=\mathrm{S}\mathrm{p}\mathrm{a}\ovalbox{\tt\small REJECT}(\sigma_{\mathrm{i}}\otimes\sigma \mathrm{j})$, $\mathfrak{h}=\mathrm{S}\mathrm{p}\mathrm{a}\mathrm{n}(\sigma_{i}\otimes\sigma_{i})$ (10)
. $\mathrm{t}$ 1 , $\mathfrak{h}$ }$\mathrm{h}$
. , ,
$K$ .
1 $I$ $U_{\mathrm{a}}$ ,
$=\{kI|k\in K\}=K$ $[U_{\mathrm{a}}]=\{kU_{\mathrm{a}}|k\in K\}$
. $\mathrm{S}\mathrm{U}(4)$ , $\mathrm{S}\mathrm{U}(4)/\mathrm{S}\mathrm{U}(2)\otimes \mathrm{S}\mathrm{U}(2)$
$[9, 10]$ .
$U\in \mathrm{S}\mathrm{U}(4)$ , $U=k_{2}hk_{1}$ $[12, 13]$
Bell :
$|\Psi$o) $=(1/\sqrt{2})(|00\rangle+|11\rangle)$ , $|\Psi_{1})=(i/\sqrt{2})(|01\rangle+|10))$ ,
(11)
$|\Psi 2\rangle=(1/\sqrt{2})(|01\rangle-|10\rangle),$ $|\Psi 3\rangle=(i/\sqrt{2})(|00\rangle-|11\rangle)$ .
147
$U$ $|00\rangle$ , $|01\rangle$ , $|10\rangle$ , $|$ 11 $\rangle$ Be $U_{B}\equiv Q^{\dagger}U$Q
$Q= \frac{1}{\sqrt{2}}$ ( $0011$ $00i$. $-1001$ $-i00i$ ) (12)
. $Q$ :
(1) $Q$ $K=\mathrm{S}\mathrm{U}(2)\otimes \mathrm{S}\mathrm{U}(2)$ SO(4) . $k\in K$
$Q\dagger_{kQ\in}$ SO(4).
(2) $Q$ Cartan . $h\in H$
$Q^{\uparrow}hQ=\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(e^{i\theta_{0}}, e^{1\theta_{1}:\theta_{2}}., e, e^{\dot{\iota}\theta}3)$.
. $U=k_{2}h$k1, $h\in H,$ $k_{i}\in K$
$U_{B}=Q\dagger UQ=Q\dagger k_{2}Q\cdot Q\dagger hQ\cdot Q\dagger k_{2}Q=O_{2}h_{D}O_{1}$ ,
$O_{i}\equiv Q^{\uparrow}k_{i}Q\in \mathrm{S}\mathrm{O}(4)$ $h_{D}\equiv Q^{\uparrow}h$Q . $U_{B}^{T}U_{B}=O_{1}^{T}h_{D}^{2}O$1 $O_{1}$
$U_{B}^{T}U$B , $h_{D}^{2}$ . $O_{2}=U_{B}($hD$O_{1})^{-1}$
$O_{2}$ .
. $h$
$h=Qh_{D}Q^{\mathfrak{j}}= \exp[-i\sum_{j=x,y,z}\alpha$j( $\sigma j\otimes\sigma$j/$4$ ) $]$
. (1)
$\frac{1}{4}\sum|\alpha$j $|= \frac{\pi}{2}JT$ (13)
$j=x,y,z$
. $T$ . $h_{D}^{2}$ $h_{D}$
, (13) .
5 :2 Grover
Cartan 2 Grover $[\eta$ .
1 . $H$ Hadamard , $f_{ab}$




. Grover $|00\rangle$ , $|10\rangle$




1: Grover . $H$ Hadamard ,
.
$\ovalbox{\tt\small REJECT} 0$ $U_{10\mathrm{a}}\equiv U_{10}U$
cp’
$U_{10\mathrm{b}}\equiv U_{10}U_{\mathrm{c}\mathrm{p}}^{-1}$ , 3
[8].
$U_{10}=(\begin{array}{lll}0 01 00 00 -1-1 00 00 0-\mathrm{l} 0\end{array}),$ $U_{10\mathrm{a}}=(\begin{array}{llll}0 0 0 10 0 -1 0-1 0 0 00 -1 0 0\end{array}),$ $U_{10\mathrm{b}}=(\begin{array}{lll}0 0 010 -1 00-1 0 000 0 0-1\end{array})$
.
Cartan .
. $U_{10}:k_{1}=I$ , $h=e^{\dot{*}}(\pi$/4$)$(f$ae\otimes\sigma_{x}-\sigma y\otimes\sigma_{y}$), $k_{2}=e^{-;(\pi/4)\sigma_{z}}\otimes e^{i(\pi/2\sqrt{2})(a\sigma_{e}+\sigma_{y})}$.
$\circ U_{10\mathrm{a}}:k_{1}=I_{2}\otimes e^{-i(\pi/4)\sigma_{x}}$ , $h=e^{-}i(\pi$/4$)\sigma_{z}\otimes\sigma$, , $k_{2}=e$: $(\pi$/2$)\sigma,$ $\otimes ei(\pi/3\sqrt{3})(\sigma_{l}+\sigma_{y}+\sigma_{z})$ .
$\mathrm{o}U_{10\mathrm{b}}:k_{1}=e^{-}i(\pi/3\sqrt{3})(\sigma_{x}+\sigma_{y}+\sigma_{z})\otimes I2,$ $h=e^{-}i(\pi$/4$)\sigma_{z}\otimes\sigma_{z}$ , $k_{2}=e^{i}(\pi$/4$)\sigma_{x}\otimes I2$
1 NMR . (1)
,
$e$
i $(\pi$/4$)(\sigma_{x}\otimes\sigma_{x})$ $=[e^{(\pi/4)a\sigma_{e}}\otimes$: $e-i(\pi$/4$)\sigma_{y]}$ei $(\pi$/4$)(\sigma z\otimes\sigma_{z})[e^{-i(\pi/4)\sigma_{\mathrm{g}}}\otimes ei(\pi/4)\sigma,]$ .
.
0 – – 0
.-1—– - - – . -1 – – – $-\cdot-$
7.3 7 .1 7.3 7 7.1
-2 -2





2: $U_{10}$ $|10\rangle$ . [8],
. (a) 1 $\pi/2$ 25 $\mathrm{m}\mathrm{s}$ ,
(b) 250 $\mathrm{m}\mathrm{s}$ . $|11\rangle$ .
148
$U_{10}$ 1: $-Y-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-$ 1/J
2: $-Y-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-$
$U_{10}U_{\mathrm{c}\mathrm{p}}$ 1: $-\mathrm{X}-(1/2\mathrm{J})-\mathrm{X}--------------Y-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-$ 2/J
2 : $————–\mathrm{X}-(1/2\mathrm{J})-\mathrm{X}-Y$ $-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}-(1/2\mathrm{J})-Y\mathrm{m}-\mathrm{X}\mathrm{m}-$











1: Grover . [8],
. $1(2)$ $1(2)$ . $\mathrm{x}$ (Xm) $Y(Y\mathrm{m})$ $x(-x)$ , $y(-y)$
$\pi/2$ . Pi (45) Bloch (1, 1, 0) $\pi$ .
38 18 , $5/J$ $2/J$ .
$13\mathrm{C}$ chloroform $\mathrm{H}$ $13\mathrm{C}$ $\mathrm{A}\mathrm{a}$, JEOL ECA-500 NMR
[14]. 2 $|00\rangle$ $U_{10}$ $|10\rangle$ $13\mathrm{C}$
. $13\mathrm{C}$ $|1\rangle$ ,
77.5 ppm $\mathrm{H}$ $|0\rangle$ . $\mathrm{H}$ $|1\rangle$
(79.2 ppm) . (a) 1 $\pi/2$
25 $\mu \mathrm{s}$ . (b) 250 $\mu \mathrm{s}$ . [8]
, . (a)
, (b)
, $|11\rangle$ . , 38 18
, $5/J$ $2/J$ , .
6
$\mathrm{S}\mathrm{U}(4)$ Cartan 2 Grover
, NMR .
, , . ,
.
, .







, , NMR .
JEOL , NMR .
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